Introduction
============

While mutation is a rare process, errors during all stages of gene expression occur at considerably higher rates ([@b33]). Increasingly, there is interest in the possibility that, because such errors are relatively commonplace, many features of gene and genome anatomy and organization evolve as error-reduction or error-mitigation mechanisms ([@b34]; [@b54]; [@b14]; [@b25]; [@b23]; [@b57]). An example of the latter has been provided by analysis of intron composition in *Paramecium tetraurelia*. Across species, a large fraction of alternative splice isoforms probably originates from errors in the splicing process rather than representing functional variation ([@b35]; [@b58]). In line with this notion, short introns in *Paramecium* are under selection to render transcripts recognizable to the nonsense-mediated decay machinery (they contain premature termination signals) if they fail to be spliced out ([@b25]).

Downstream of splicing, the polypeptide chain that emerges from the ribosome may fail to fold into its native structure. At one extreme, protein function may barely be compromised and the cost of misfolding therefore minimal. At the other extreme, however, some aberrantly folded proteins, exposing hydrophobic residues that would normally be buried, may begin to promiscuously interact with other proteins, become toxic to the cell and thus pose a substantial fitness concern ([@b21]). Unsurprisingly then, echoing the case of splicing, there are signatures of evolved error management.

In *trans*, molecular chaperones increase the likelihood that proteins reach native state. First, chaperones like the DnaK/DnaJ/GrpE system in *Escherichia coli* bind to folding intermediates and prevent aggregation in a crowded cellular environment. Second, binding as well as stepwise cycling on and off the polypeptide chain can narrow the folding landscape the nascent protein is allowed to explore, thus channelling the protein towards native state ([@b22]). Third, some chaperones can unfold misfolded proteins in an energy-dependent process. This allows *de novo* exploration of alternative folding pathways for proteins that would otherwise be stuck at a local kinetic optimum or ushers the misfolded protein into degradation ([@b51]; [@b53]; [@b32]).

In *cis*, codon usage has recently been attributed adaptive roles both in shaping folding pathways (via local control of the speed of translation) ([@b27]; [@b9]; [@b38]) and minimizing folding errors ([@b14]). Evidence for the latter is centred on the argument that synonymous codons differ in their propensity to cause mistranslation. Translationally optimal codons (henceforth simply referred to as 'optimal codons\') are defined as those codons that are relatively enriched in very highly expressed genes. Typically, these codons are represented by more abundant cognate tRNAs ([@b24]; [@b1]; [@b15]) and consequently thought less likely to cause ribosomal stalling and/or incorporation of the wrong amino acid. However, while there is good evidence for some transcriptomes that selection operates to avoid such mistranslation events ('translational accuracy\') ([@b47]; [@b14]), whether this actually reflects selection against misfolding remains controversial. Mistranslation may simply be deleterious, even if the protein has folded correctly, because the erroneously inserted amino acid compromises protein function.

Support for the misfolding hypothesis comes from a recent study by [@b59]. The authors compared solvent-exposed and buried amino-acid residues, mutations at the latter type of site being more likely to disrupt protein structure. Consistent with selection on codon usage to reduce mistranslation-induced misfolding, they found optimal codons in *E. coli* and other organisms to be moderately enriched at these structurally sensitive sites. However, as the authors acknowledge, the extent to which buried sites represent structurally rather than functionally important sites remains to be established. Consequently, we do not know whether optimal codons might be enriched at these sites, at least in part, to avoid mistranslation-induced malfunctioning. In addition, other studies have failed to detect a link to misfolding. [@b28] monitored the expression of \>150 constructs all encoding the same green fluorescent protein but with synonymous codon identity randomized across sites. Despite such radically altered codon usage patterns, the authors found no differences in the amount of misfolded protein produced by different constructs, assayed as the ratio of total protein (determined by Coomassie) to functional protein (determined by fluorescence), and no relationship between putative misfolding rates and codon usage bias. This may reflect the fact that misfolding is not related to codon usage or may simply be owing to a lack of power in the experiments to detect small, but evolutionarily significant, misfolding rates.

Here we propose a novel test of the hypothesis that evolution of protein-coding genes is modulated by selection to avoid misfolding. We suggest that the role, if any, of error limitation in *cis* (for which we examine codon usage) can be revealed by studying its interaction with well-established error management systems in *trans* (chaperones). If codon usage does indeed play a tangible role in misfolding prevention, we would expect selection on codon identity to vary with the degree to which a protein can rely on other error control mechanisms, namely chaperones.

What direction this covariation should take is not necessarily obvious. Are proteins that are particularly liable to misfolding both regular clients of chaperones *and* employ a greater number of optimal codons? This could be expected, for example, if substantive energetic costs could be avoided by getting folding right first time around, rather than having to subject substrates to repeated refolding cycles. Alternatively, might selection on codon usage be relaxed, rather than strengthened, in proteins that interact with chaperones to attain native state? This may apply in particular to proteins that are habitually passaged through chaperones, which can therefore serve as a reliable error control.

Support for such a selective relief scenario comes from experiments using *E. coli* demonstrating that certain deleterious mutations, presumably affecting folding competence, can effectively be buffered by overexpression of the chaperonin GroEL ([@b19]; [@b49]). Does buffering extend beyond amino-acid substitutions to synonymous codon identity? Such a finding would provide strong support for a role of codons in misfolding prevention. More generally, such a finding would bolster the hypothesis that gene evolution is modulated by selection against misfolding.

In this study, then, we integrate genome-scale sequence, expression, structural and protein interaction data from *E. coli* to elucidate the interplay between chaperone dependency and codon usage in managing misfolding. In the chaperonin GroEL/GroES (henceforth simply referred to as GroEL) *E. coli* arguably has the best-characterized chaperone system of any organism. GroEL simultaneously provides a sheltered folding environment (passively preventing aggregation) and guides folding through hydrophilic residues that line the inside of its cylindrical cavity ([@b46]). Further, recent evidence suggests that GroEL can partially unfold proteins to allow renewed exploration of the folding landscape ([@b32]). This is important because it implies that errors introduced during translation, where codon usage reportedly reduces error rates, may be remedied after the event.

Putative *in vivo* substrates of GroEL have been determined on a genome-wide scale ([@b26]; [@b8]). Exploiting the fact that substrate release is an energy-dependent process, [@b26] could trap substrates by rapid ATP depletion and subsequently co-purify them with GroEL. Based on enrichment in GroEL complexes and validated by *in vitro* refolding assays, the authors assigned ∼250 proteins to three classes reflecting GroEL dependency.

Class-I proteins, only a small fraction of which (\<1%) associates with GroEL, show low propensity to aggregate upon dilution from denaturant, spontaneously regain some enzymatic activity and regain full activity when DnaK (acting as an aggregation inhibitor upstream of GroEL) is added.

Proteins allocated to class-II fail to refold at 37°C, but spontaneous refolding is observed at more permissive temperatures (25°C) and DnaK addition again re-establishes high levels of correct folding. In the following sections, we will sometimes refer to proteins from classes-I and II as sporadic clients.

Finally, class-III proteins are obligate substrates of GroEL, largely failing to refold even under more benign conditions and the DnaK system unable to rescue. Notably, although on average less abundant than class-I/II proteins, class-III proteins occupy ∼80% of GroEL\'s capacity *in vivo* ([@b26]). Consequently, a higher proportion (∼100% versus ∼20% for class-II and ∼1% for class-I) of these proteins is routinely processed by the GroEL system.

Results
=======

Isolating misfolding propensity as a determinant of codon usage bias
--------------------------------------------------------------------

[Figure 1A](#f1){ref-type="fig"} suggests that average codon bias strongly varies by GroEL dependency (Kruskal--Wallis test, *P*=5.59E−12). However, this observation does not by itself make a case for a functional relationship between codon usage and chaperone dependency as far as the management of misfolding is concerned. Importantly, in as far as codon usage reflects selection, the degree of bias will mirror the strength of selection, which is proportional to the overall cost of misfolding. Yet, for any individual gene, cost is the product not only of error propensity, but also of the deleterious effects of any one individual error (e.g., toxicity), and of the absolute frequency at which the error occurs. That the latter is a key determinant of cost is manifest in the observation that expression level is the strongest known predictor of codon bias in *E. coli* ([@b47]).

Comparison of [Figure 1A and B](#f1){ref-type="fig"} deepens the suspicion that elevated codon bias in class-I/II genes is first and foremost owing to higher expression of these genes. As our objective is to isolate misfolding propensity as a determinant of codon usage differentials between GroEL dependency classes, we thus need to control for expression. We can do this by studying residuals from a regression of codon usage bias (measured as the frequency of optimal codons, Fop) on expression levels. The regression line provides us with an approximate expectation of cost (and therefore selection on codon usage) for a given expression level. Subsequently, we can ask whether there are systematic deviations for certain groups of genes (here GroEL dependency classes) to exhibit codon usage above or below what we would expect given their expression.

In the absence of comprehensive translation rate or protein abundance measures for *E. coli*, we use microarray data to approximate translation frequencies. Microarray measurements are typically noisy and agreement across studies and platforms is often unsatisfactory ([@b13]). This may be cause for concern when analysing the relationship between expression and codon usage. In particular, [@b13] reported a curious U-shaped relationship between codon usage bias and mRNA levels in the largest data set they analysed. We considered four genome-wide expression data sets and recovered the same apparently inconsistent relationship in data from the ASAP database ([Figure 2C](#f2){ref-type="fig"}, top row) when we fitted non-parametric LOWESS regressions. However, we note the following: first, regressing mRNA level on codon usage inverts the likely underlying biological relationship (also pointed out by [@b55]). Recent evidence strongly supports the view that optimal codons are unlikely to be employed to boost protein levels. More likely, codon usage adapts to a given expression level in order to reduce errors (more costly in more frequently translated transcripts) and/or minimize ribosomal dwelling time ([@b3]; [@b28]). Regressing codon usage on expression level yields not a mirror image (as LOWESS regressions are locally fitted) but a consistent picture across data sets ([Figure 2](#f2){ref-type="fig"}, centre row). More importantly, even the inverse regressions harmonize across studies when we exclude genes with evidence for lateral gene transfer (LGT) ([Figure 2](#f2){ref-type="fig"}, bottom row). Rather than merely conveniently censoring the offending data set, exclusion of LGT candidate genes is a meaningful constraint to impose on our data. We are principally interested in the interaction between chaperone dependency and codon usage at equilibrium. Yet genes that enter the *E. coli* genome via LGT are rarely codon-adapted, evident in the amelioration of codon usage towards the host genome over time ([Figure 3](#f3){ref-type="fig"}). Moreover, GroEL interactors tend to be long-term residents of the *E. coli* genome (clustering of substrates towards the right-hand side in [Figure 3](#f3){ref-type="fig"}), further suggesting that interactions between this chaperone system and codon usage might differ systematically for LGT genes. Thus, our analyses below focus on genes not derived from suspected LGT events (see Materials and methods). All results reported below hold across all expression data sets.

Expression level is the main factor that needs to be taken into account in order to establish to what extent codon usage might reflect misfolding propensity. Ideally, however, we also want to control for the varying severity of individual errors. Severity is difficult to predict on a transcriptome-wide basis, certainly for costs like toxicity, which will be strongly dependent on the context in which the error occurs. We can, however, approximate one particular aspect of severity: from a perspective of energy expenditure, errors during the synthesis of longer proteins should be more costly, if only because more energy is wasted in futile peptide synthesis and degradation. As a result, longer proteins in *E. coli* exhibit greater codon bias ([@b47]). We thus also control for protein length in attempting to isolate misfolding propensity as the causative agent of codon usage variation between GroEL substrate classes.

Residual analysis
-----------------

We fitted LOWESS regressions of Fop on mRNA levels and protein length (see Materials and methods; [Figure 1C and D](#f1){ref-type="fig"}) to obtain residual codon usage values. [Figure 1E](#f1){ref-type="fig"} demonstrates that proteins occupy typical ranges in the Fop residual space according to their dependency on GroEL. Class-I proteins in particular have higher residual codon usage than non-substrates (Mann--Whitney *U*-test, *P*(expression)=1.29E−05, *P*(protein length)=7.61E−12), while class-III proteins are indistinguishable from non-substrates (*P*(expression)=0.28, *P*(protein length)=0.87). These effects are evident for all expression data sets analysed ([Supplementary Figure 1](#S1){ref-type="supplementary-material"}). To confirm these differences using an alternative approach, we also matched each substrate (class-I--III) gene with a non-substrate gene expressed at a similar level. To be conservative we required the non-substrate gene to be at least as highly expressed and at least as long as the class-I/II/III gene, so that, if anything, we biased expected codon optimality towards non-substrates. Despite the reduced power of this approach, we recovered above-expectation codon optimality for class-I proteins (Mann--Whitney *U*-test, *P*=0.033) and no difference for class-III proteins (*P*=0.56).

We suggest the following explanation: As mentioned above, class-III substrates are defined not only by GroEL being critical for proper folding, but also by occupying most of GroEL\'s capacity (∼80%). With a high proportion of class-III protein passaged through the GroEL system, mistranslation errors in these proteins weigh less severely as GroEL can remedy at least some misfolding that ensues. In contrast, class-I and II genes are more highly expressed and cannot routinely rely on GroEL to rectify folding errors. Yet class-I/II proteins are clearly liable to misfold as testified by their sporadic association with GroEL. We hypothesize that augmenting GroEL\'s capacity to address the misfolding propensity of these genes would be prohibitively costly to the organism and that, as an alternative strategy, these genes employ optimal codons to reduce the rate of misfolding error.

Interestingly, we find 100% of genes in our sample annotated for involvement in unfolded protein binding (GO:0051082), that is, chaperones themselves, to have positive residuals (adjusted *P*=0.019, see Materials and methods). This might simply highlight that the strength of selection on these genes (as far as translational frequency is concerned) is poorly estimated under standard conditions---after all, many chaperones are much more highly expressed in response to stress. However, it is equally consistent with a model where codon usage complements chaperone activity to achieve adequate folding---chaperones, especially at times of cellular trauma, should be prime targets of selection to reduce error rates to an absolute minimum.

Sporadic GroEL clients exhibit strong enrichment of optimal codons at structurally sensitive sites
--------------------------------------------------------------------------------------------------

A recent study by [@b59] exploited information on three-dimensional protein structures to compare codon usage patterns at sites of different solvent accessibility. The authors found that amino-acid residues with restricted solvent accessibility (\<25%, 'buried sites\'), considered structurally sensitive, were more likely to be encoded by optimal codons than exposed sites, consistent with the hypothesis that codon choice can function to limit the frequency of folding errors during translation.

The above model of complementarity between codon usage and chaperone activity predicts that sporadic GroEL clients (class-I/II) should exhibit a stronger tendency for optimal codons to be associated with buried sites than class-III genes, which presumably experience relaxed selection in the presence of regular error correction provided by GroEL. Replicating the analysis of Zhou *et al* (see Materials and methods), but distinguishing by substrate class, we find strong support for our model. Odds ratios for finding optimal codons more frequently employed at buried versus exposed sites are dramatically higher for class-I/II genes ([Table I](#t1){ref-type="table"}). In contrast, class-III genes exhibit no significant enrichment and, in fact, have a smaller odds ratio than non-substrates. Trends are enhanced when considering only amino acids with odds ratios significantly \>1 (L/N/Q/S/T) across all proteins analysed by Zhou *et al.* These findings are consistent with the hypothesis that habitual association with GroEL mediates release from selective constraint. They also support the notion that buried sites chiefly represent structurally rather than functionally sensitive sites, as for the latter we would not have expected any systematic covariance with GroEL dependency.

Conservation of codon optimality varies across substrate classes
----------------------------------------------------------------

The evidence presented above coherently points towards codon choice at structurally sensitive sites being of greater selective significance for highly expressed sporadic clients of GroEL. To further corroborate this hypothesis we examined the extent to which codon optimality at buried sites has been retained in orthologous codons of *Shigella dysenteriae*. *Shigella* 'species\' are clones of *E. coli* that have adopted an intracellular parasitic lifestyle ([@b29]). Concomitant with this lifestyle, these clones have experienced reductions in effective population size. This is a useful feature for our analysis: In small populations, the fate of slightly deleterious mutations is principally determined by genetic drift. Synonymous codon choice is generally considered to be a weakly selected trait so that mutations to non-optimal codons should typically fall into the 'slightly deleterious\' category. Consistent with this notion, severely reduced codon optimality has been detected in species with long-term bottlenecking populations such as the aphid endosymbiont *Buchnera* ([@b52]; [@b37]; [@b43]). Thus, in *S. dysenteriae* we find a system where codon usage is under reduced purifying selection. At the same time, the *S. dysenteriae* lineage diverged relatively recently from the *E. coli* K12 strain ([@b4]) so that chaperoning dynamics should be virtually identical. In contrast, one outstanding feature of *Buchnera* and other longstanding intracellular species is dramatically increased GroEL output, quite possibly under selective pressure to handle the increasing number of proteins that have accumulated destabilizing mutations ([@b36]; [@b18]).

We followed the fate of ancestrally optimal codons at buried sites in the *S. dysenteriae* and *E. coli* K12 genomes, considering only sites at which codon optimality has been retained in *E. coli* (thus enriching for structurally sensitive sites, see Materials and methods). Our complementarity hypothesis predicts that the decay in optimality should be less prominent for class-I/II substrates. This can be tested by comparing substrate classes with regard to the fraction of buried sites that lose optimal codons in *S. dysenteriae.* Class-I/II substrates should experience proportionally fewer changes from optimal to non-optimal codons. [Figure 4](#f4){ref-type="fig"} suggests that this is indeed the case. However, as differences in expression between substrate classes are still evident in this subset of genes (Kruskal--Wallis test statistic=12.7909, *P*\<0.006), might this simply be an artefact of stronger selection owing to higher expression? To rule out this possibility, we pooled sporadic GroEL clients (class-I/II) in order to boost sample size (and thus power) and paired each gene with a non-substrate expressed at a similar level as described above. Despite the relatively small sample size (see legend to [Figure 4](#f4){ref-type="fig"}), we find that class-I/II genes do indeed show fewer changes than expected (Fisher test odds ratio 0.65, *P*=0.034), whereas class-III genes do not (Fisher test odds ratio: 1.10, *P*=0.79).

Discussion
==========

While the majority of *E. coli* proteins (∼70%) reach their native folding conformation spontaneously, a persistent minority require assistance via one or more chaperone systems ([@b22]). Based on the analysis of experimentally identified GroEL substrates in *E. coli*, we have uncovered an interaction between optimal codon usage and chaperone dependency, providing strong independent support that molecular evolution at the codon level is partially driven by misfolding concerns. Prior limited analysis ([@b39]) suggested that above-average codon adaptation was a general hallmark of GroEL substrates. This is not so; rather, sporadic GroEL clients experience selection to use optimal codons, whereas obligate substrates do not. We argue that this can be understood in a simple framework of energy economics: although occasional errors in highly expressed proteins can be handled by GroEL, these proteins cannot be quality-controlled in bulk by chaperones so that selection in *cis* complements the error control capacity of chaperones by reducing the incidence of misfolding errors.

The combined burden of non-synonymous and synonymous mutations
--------------------------------------------------------------

Our findings also suggest that the capacity of GroEL to buffer deleterious mutations ([@b19]; [@b49]) extends to synonymous changes. This has strong implications for assessing the mutational load that has to be shouldered by chaperones, particularly in the context of *Buchnera* and other intracellular bacteria. Computational analyses suggest that *Buchnera* proteins have low intrinsic folding efficiency owing to unfavourable amino-acid content ([@b50]; [@b5]). Observations that purifying selection on *Buchnera* GroEL is atypically high ([@b52]; [@b18]), that positive selection has occurred in its apical domain, possibly to broaden substrate specificity ([@b18]) and that GroEL levels have been substantially increased, are all consistent with the notion that GroEL has adopted a critical role in buffering the deleterious effects of such unfavourable mutations ([@b36]). Yet the burden on GroEL to provide an error correction facility might go well beyond what has been anticipated, for *Buchnera* also exhibits severely compromised codon adaptation ([@b52]; [@b37]; [@b43]).

*Cis--trans* complementarity in misfolding management beyond *E. coli*
----------------------------------------------------------------------

Codon usage patterns consistent with selection against mistranslation-induced misfolding have been reported not only for *E. coli* but also several eukaryotes, notably yeast, *Drosophila* and mammals ([@b14]; [@b59]).

In addition, comprehensively handling highly expressed yet folding-sensitive proteins through energy-dependent chaperones should be challenging, if not unfeasible, for any cellular system, regardless of differences in chaperone repertoire and action between prokaryotes and eukaryotes ([@b56]). Can we then find a similar interaction between chaperone dependency and codon usage in molecular systems other than that of *E. coli*?

Protein interaction data for the eukaryotic chaperonin CCT/TRiC provides us with an opportunity to address this question in a comparative manner. Initially believed to be specifically required only for the folding of cytoskeletal proteins actin and tubulin ([@b31]), a small number of other obligate interactors have since been identified (e.g., [@b45]). As our focus is as much on sporadic as it is on obligate chaperonin clients, we aimed to cast our net widely and analysed the data of [@b12] who identified interactors of CCT/TRiC (including putative substrates) by a combination of physical and genetic interaction screens.

Following the same recipe as for *E. coli*, we fitted LOWESS regressions predicting Fop on expression level (here protein abundance, see Materials and methods) and CDS length ([Figure 5A and B](#f5){ref-type="fig"}). Note that the relationship between Fop and CDS length in *Saccharomyces cerevisiae* is negative, chiefly owing to highly expressed genes being short. As a consequence, residual deviations on length or mRNA level partially subsume each other. As Dekker *et al* did not discriminate between substrate classes, we would expect the set of ∼60 interactors they describe, as far as these do in fact represent bona fide substrates, to comprise a mixture of sporadic and obligate clients. Hence, the overall trend should go towards higher residual deviation of interactors. The data suggest that this is indeed the case. We find a significant tendency towards higher residuals on CDS length (MWU, *P*=3.5E−10) but not expression level (MWU, *P*=0.14) for CCT/TRiC interactors ([Figure 5C](#f5){ref-type="fig"}), a finding echoed when we apply the gene-matching approach described above (matching by length: *P*=1.54E−10; matching by expression: *P*=0.87). This trend is, to a certain extent, also evident for individual protein components of the CTT/TRiC complex ([Supplementary Figure 2](#S1){ref-type="supplementary-material"}), whose interaction with other proteins was recently investigated using TAP-tagged proteins ([@b20]).

For the same reason as above, we expect odds ratios to be generally higher at buried sites in putative substrates versus non-substrates. Analysing residues from 303 protein structures annotated by Zhou *et al*, results across all amino acids defy expectations: the combined odds ratio of substrates is lower than that of non-substrates ([Table II](#t2){ref-type="table"}). Note, however, that only 17 substrate proteins are present in the set of 303 protein structures so that estimates are likely to be noisy. If we focus on amino acids (G/I/R/S) with evidence for enrichment of optimal codons at structurally sensitive sites across all 303 proteins, we do observe the expected higher odds for CCT/TRiC substrates ([Table II](#t2){ref-type="table"}).

Substrate residuals appear to fall into two clusters along the CDS length-derived residual dimension ([Figure 5C](#f5){ref-type="fig"}). Given that residual size was partly predictive of sporadic and obligate clients in *E. coli*, it is tempting to speculate that one might be able to exploit this relationship to predict degrees of dependency on CCT/TRiC. We heuristically chose a cut-off of 0.2, which separates the two apparent clusters ([Figure 5C](#f5){ref-type="fig"}), and examined a small number of known obligate substrates of CCT/TRiC. We find some support for our prediction, with substrates such as tubulin and myosin proteins exhibiting residuals \<0.2 ([Supplementary Table I](#S1){ref-type="supplementary-material"}). However, actin, a well-known obligate client of CCT/TRiC, constitutes a notable exception (residual=0.35).

We did not examine higher eukaryotes in this study, principally because (a) data quality on chaperonin dynamics does not approach that of *E. coli* or yeast and (b) contributory factors to misfolding costs are harder to tease apart because the expression-codon bias correlation is distorted by regional biases in nucleotide content ('isochore effects\') ([@b17]). We note, however, that [@b59] reported enrichment of optimal codons at structurally sensitive sites not only for *E. coli* and yeast, but also for mouse and *Drosophila*, suggesting that misfolding-related selection on codon usage might be phylogenetically widespread. In fact, mammals might provide a particularly interesting system to analyse how codons function in protein folding, not only in relation to error reduction but also concerning the active regulation of folding. With regard to the latter, it has been suggested that non-optimal codons can be adaptively placed to regulate translation speed and thus allow stepwise folding at the ribosome ([@b41]; [@b27]; [@b9]; [@b38]). This mode of folding control should be particularly pertinent to organisms such as mammals with many multidomain proteins because (a) slowdown could facilitate stepwise folding of individual domains ([@b48]; [@b40]) and (b) multidomain proteins would be typically unable to exploit the full power of the chaperonin cage owing to size constraints. Current experimental support for codon-mediated folding control remains limited to a small number of experimentally confirmed examples and genome-scale analysis does not necessarily suggest such a mechanism to be common (e.g., [@b38]). At first it seems paradoxical that both optimal and non-optimal codons should be simultaneously involved in facilitating adequate folding. The apparent contradiction, however, can be resolved if we assume that optimal codons populate structurally sensitive sites, whereas non-optimal codons are employed to achieve slowdown in between domains, where occasional mistranslation would not ordinarily be detrimental.

What this highlights, above all, is that codon usage can be adaptive for more than one mechanistic reason, and that these mechanisms need by no means be mutually exclusive. In fact, codon usage represents the integrated product of a diverse collection of mutational and selective forces. In this regard, the results of [@b28], which failed to implicate protein folding, but suggested codon choice to be important for generating adequate mRNA secondary structure, do not invalidate protein folding as a prominent mediator of codon choice, but add another facet to an already complex kaleidoscope of determinants. Future research will doubtlessly find yet more hidden functionality in codon choice. The key task, then, will be to disentangle and quantify the contribution of individual mechanisms to shaping diversity in codon usage within and across genomes.

Materials and methods
=====================

Sequence data acquisition and analysis
--------------------------------------

The *E. coli* K12 genome (NC_000913) was downloaded from NCBI and protein-coding sequences extracted using custom scripts. To control for known biases in codon composition at the CDS termini, we followed the of protocol of [@b16] and determined codon usage patterns with the first 50 and the last 20 codons of the CDS removed. Only genes longer than 30 codons after trimming were considered for further analysis. As we are interested in codon usage differentials across the proteome, we did not confine analysis to cytosolic proteins.

*S. cerevisiae* CDSs were downloaded from the Saccharomyces Genome Database (SGD) ([www.yeastgenome.org](http://www.yeastgenome.org)).

Fop was calculated using codonW, with default parameter settings for *E. coli* and *S. cerevisiae*.

Expression data acquisition and analysis
----------------------------------------

We obtained microarray hybridization intensities as follows: (a) For *E. coli* grown on rich (LB) and basic (M9) medium from Supplementary Table 6 in [@b7]; (b) for wild-type *E. coli* under aerobic conditions from Supplementary Table 7 in [@b10]), where we only considered genes with at least two present and no absent calls across three replicates and (c) for *E. coli* grown on LB medium from the ASAP database (<https://asap.ahabs.wisc.edu/asap/experiment_data.php>), where we averaged intensities from two calibrated data sets (PALSP49 and PALSP50).

Data on protein abundance for log-phase yeast was obtained from Supplementary Table 4 of [@b11]) as the summed extracted ion chromatograms of all isotopic patterns detected for the respective peptide.

Chaperonin substrates
---------------------

Identity and classification of GroEL substrates was taken from Supplementary Table 3 in [@b26]. Proteins assigned to overlapping classes (*n*=4, class-I/II) were allocated to class-I. All eligible (see above), expressed CDSs in the current genome annotation that were not considered as GroEL substrates by Kerner *et al* were allocated to the 'non-substrate\' class. Proteins were matched to genes, in the first instance, by their SwissProt ID, which is provided both in [@b26] and in the NCBI GenBank file. Where the ID given by Kerner *et al* could not be found in the current genome annotation, matches were made by querying GenProtEC (<http://genprotec.mbl.edu/>) for all available gene synonyms. Two hypothetical proteins in the work of Kerner *et al* (ypt1 and ypt2) could not be related to the current genome build and were excluded.

For yeast, proteins interacting with the CCT/TRiC complex were derived from Supplementary Tables 2 and 6 in [@b12]. Further, [@b20] used TAP-tagged proteins to define interaction partners (including but not limited to bona fide substrates) for 64 proteins with chaperone activity. We analysed the components of the CCT/TRiC complex ([Supplementary Figure 2](#S1){ref-type="supplementary-material"}). Gene identities were matched across studies using the gene registry file from SGD.

Lateral gene transfer
---------------------

Data on inferred timings of LGT events were obtained from Martin Lercher (personal communication). Briefly, based on the presence/absence of orthologous genes across a phylogeny of \>20 proteobacteria, the most parsimonious LGT scenarios were reconstructed in PAUP^\*^ using generalized parsimony (see [@b30] for details). The authors approximated the age of individual transfers into the *E. coli* genome by the number of nodes between extant *E. coli* K12 and the branch on which LGT occurred. The number of nodes ranges from 0 (no evidence for LGT), over 1 (recent LGT on the terminal *E. coli* branch) to 6 (ancient LGT). Genes where no explicit inference was available were considered anciently resident in the *E. coli* genome and allocated to node=0. We obtain qualitatively identical results when we exclude these genes. Further, we compared timings inferred using ACCTRAN and DELTRAN algorithms as well as different LGT/gene loss penalties, and found the results to be very similar (data not shown). Following [@b30], we present results obtained using the DELTRAN algorithm with an LGT:gene loss penalty ratio of 2:1.

LOWESS regressions
------------------

Non-parametric LOWESS regressions were fitted and all other statistical analyses were conducted in R ([@b42]). We explored a range of smoothing parameters *f* (0.2--0.8) and found parameter choice within this range to yield almost identical results (also see [Figure 2](#f2){ref-type="fig"}). We present analysis for *f*=0.3. We confirmed that residuals for any given regression model and expression data set did not correlate with fitted values or along the predictor variable (expression level or CDS length).

GO analysis
-----------

GO terms for *E. coli* were obtained from EBI (<ftp://ftp.ebi.ac.uk/pub/databases/GO/goa/proteomes/18.E_coli_K12.goa>).

To investigate whether genes with high positive or negative residuals are more likely to belong to certain functional classes, we applied the FatiScan tool ([@b2]) on a list of genes ranked by their Fop residual. FatiScan tests whether biological labels (here GO terms) are asymmetrically distributed in a ranked list of genes. As mRNA- and CDS length-derived residuals are highly linearly correlated ([Figure 1E](#f1){ref-type="fig"}), we present data for mRNA-derived residuals only. A full list of significant terms derived using default parameter settings can be found in [Supplementary Table II](#S1){ref-type="supplementary-material"}.

Analysis of structurally sensitive sites
----------------------------------------

Annotation of buried (\<25% solvent accessibility; see [@b59]) and exposed sites for *E. coli* and *S. cerevisiae* proteins was kindly provided by Claus Wilke (downloaded from <http://openwetware.org/index.php?title=Wilke:Data_Sets>). Following the approach of Zhou *et al*, we confined analysis to genes with sequence identity \>40% to those in Protein Data Bank to obtain 822 and 303 eligible genes for *E. coli* and *S. cerevisiae*, respectively. To ensure comparability, we checked that optimal codons used in this analysis corresponded to those in Supplementary Table 2 of Zhou *et al.*

Contingency tables by individual amino acid and gene were constructed as by Zhou *et al*, excluding tables with a total frequency count \<2. Tables were then combined across (selected) amino acids and genes by substrate status (non-substrate, class-I and so on) using the Mantel--Haenszel procedure, a detailed description of which can be found in [@b59]. *P*-values were adjusted for multiple testing using the method of [@b6].

We investigated the effects of sample size on odds ratios and *P*-values by sub-sampling the same number of contingency tables available in the smallest data set (class-III) from other substrate classes. We find sub-samples from class-I and II genes to show consistently higher average odds ratios than sub-samples taken from non-substrates ([Supplementary Figure 3](#S1){ref-type="supplementary-material"}), with class-I and II sub-samples odds ratios significantly \>1 in 890 and 1000 out of 1000 repeat random samples, respectively. For other expression data sets, odds ratios are consistently significant for \>98% of sub-samples both for class-I and II substrates.

*S. dysenteriae*
----------------

We obtained the alignments of nine *E. coli/Shigella* strains from Eduardo Rocha through Edward Feil (personal communication; see [@b44] for details on orthologue identification and alignment). These data have been used in previous published research ([@b44]; [@b4]). The phylogenetic relationships between strains was taken from [@b4]. We chose to focus on *S. dysenteriae* in favour of *Shigella* strains more recently diverged from *E. coli* K12 because the latter are likely to contain a higher proportion of sites where selection has not yet had the chance to purge slightly deleterious mutations. We analysed buried sites from all non-LGT genes among the 822 genes for which structural annotation was available (see above). We only considered sites (a) that encoded the same degenerate amino acid in *E. coli* K12 and *S. dysenteriae*, (b) where the ancestrally used codon was optimal (inferred by parsimony from strains EAEC 042, CFT073 and UT189) and (c) where the site had retained codon optimality in *E. coli* K12. We then simply determined, by substrate class, the proportion of sites where a transition to a non-optimal codon had occurred in *S. dysenteriae*.

In [Supplementary Table III](#S1){ref-type="supplementary-material"} we provide a list of all genes analysed in this study along with the corresponding substrate classifications, expression parameters, and so on, that should allow easy replication of our results.

Supplementary Material {#S1}
======================

###### Supplementary Material

includes Supplementary Figures 1--3 and Supplementary Table 1

###### Supplementary Table 2

FatiScan results

###### Supplementary Table 3

E. coli data
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![Obtaining codon bias residuals in *E. coli*. (**A**) The frequency of optimal codons (Fop) varies as a function of GroEL dependency. (**B**) Fop also varies as a function of expression level. (**C**) LOWESS regression fitted for Fop on the natural logarithm of mRNA levels (from [@b7]; LB medium) and (**D**) CDS length. (**E**) Residuals extracted from both regressions plotted against each other. The median residual value by substrate class on both axes is indicated by a larger dot of the corresponding colour. GroEL substrate classes are coloured gray (non-substrates; 'NS\'; *n*=706), dark red (class-I; 'C I\'; *n*=33), red (class-II; 'C II\'; *n*=49) and orange (class-III; 'C III\'; *n*=37).](msb200994-f1){#f1}

![Codon usage--expression correlations harmonize across data sets upon removal of LGT candidates. Panels in the top row show the relationship between codon usage and mRNA levels for (**A**) [@b7] (LB medium); (**B**) [@b7] (M9 medium); (**C**) the ASAP database and (**D**) [@b10], with LOWESS regressions fitted using a range of smoothing parameters *f*. Inverse regressions of the same data sets are depicted in the centre row. The bottom row corresponds to the top row with LGT candidates removed (see Materials and methods). Expression values (hybridization intensities) have been transformed with the natural logarithm.](msb200994-f2){#f2}

![Non-equilibrium codon usage in laterally transferred genes. Genes are ordered based on the time of transfer into the *E. coli* genome: '1\' comprising the most recent transfer events and 'NT\' signifying no evidence for transfer within the γ-proteobacteria (see Materials and methods). Genes transferred into the *E. coli* genome exhibit below-average codon usage bias, but appear to ameliorate over time to resemble the codon usage of long-term residents. GroEL substrates are typically long-term residents in the *E. coli* genome. GroEL substrate classes are coloured gray (non-substrates), dark red (class-I), red (class-II) and orange (class-III).](msb200994-f3){#f3}

![The fraction (by substrate class) of codon-optimal buried sites in *E. coli* where an ancestrally optimal codon has mutated to a non-optimal codon in *S. dysenteriae*. The absolute numbers of optimal to non-optimal transitions observed across all amino acids are 454, 35, 28, 29 for non-substrates, class-I, II and III genes, respectively.](msb200994-f4){#f4}

![Obtaining codon bias residuals in *S. cerevisiae*. (**A**) LOWESS regressions fitted for Fop on the natural logarithm of protein abundance measured by [@b11] and (**B**) CDS length. (**C**) The residuals extracted from both regressions are plotted against each other. The median residual value by substrate class on both axes is indicated by a larger dot. CCT/TRiC substrates are coloured red/orange.](msb200994-f5){#f5}

###### Enrichment of optimal codons at structurally sensitive sites in *E. coli* varies by GroEL dependency

  Amino acids   Zhou *et al* (odds ratio)      *P*     Non-substrates (odds ratio)   *P*        Class-III (odds ratio)   *P*    Class-II (odds ratio)      *P*     Class-I (odds ratio)      *P*
  ------------- --------------------------- ---------- ----------------------------- ---------- ------------------------ ------ ----------------------- ---------- ---------------------- ----------
  All           1.06                         \<0.001   1.09                          1.16E−05   1.02                     0.83   1.24                      0.001    1.25                     0.002
  L/N/Q/S/T     1.25                         5.29E−32  1.29                          8.72E−16   1.08                     0.51   1.59                     8.36E−05  1.79                    5.31E−05

###### Enrichment of optimal codons at structurally sensitive sites in *S. cerevisiae* varies by CCT/TRiC interaction status

  Amino acids   Zhou *et al*, 2009 (odds ratio)   *P*        Non-interactors (odds ratio)      *P*     Interactors (odds ratio)   *P*
  ------------- --------------------------------- ---------- ------------------------------ ---------- -------------------------- -------
  All           1.10                              \<0.001    1.12                            1.62E−13  1.005                      0.96
  G             1.42                              \<0.001    1.48                            3.24E−12  2.28                       0.27
  I             1.17                              \<0.05     1.08                              0.59    1.44                       0.89
  R             1.19                              \<0.05     1.24                              0.04    5.45                       0.38
  S             1.25                              \<0.001    1.19                             0.005    1.85                       0.38
  G/I/R/S       1.28                              4.77E−17   1.28                            5.66E−15  2.15                       0.003
